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Background: The resonance structure in 11C is particularly of interest with regard to the astrophysical 7Be(α, γ)
reaction, relevant at high temperature, and to the α-cluster structure in 11C.
Purpose: The measurement was to determine unknown resonance parameters for the high excited states of 11C.
In particular, the α decay width can be useful information to discuss α cluster structure in 11C.
Methods: New measurements of the 7Be+α resonant scattering and the 7Be(α, p)10B reaction in inverse kine-
matics were performed for center-of-mass energy up to 5.5 MeV, and the resonances at excitation energies of
8.9–12.7 MeV in the compound 11C nucleus were studied. Inelastic scattering of 7Be+α and the 7Be(α, p1)
10B∗
reaction were also studied with a simultaneous γ-ray measurement. The measurements were performed at the
low-energy RI beam facility CRIB (CNS Radioactive Ion Beam separator) of the Center for Nuclear Study (CNS),
the University of Tokyo.
Results: We obtained excitation functions of 7Be(α, α0)
7Be (elastic scattering), 7Be(α, α1)
7Be∗ (inelastic scat-
tering), 7Be(α, p0)
10B, and 7Be(α, p1)
10B∗. Many resonances including a new one were observed and their
parameters were determined by an R-matrix analysis.
Conclusions: The resonances we observed possibly enhance the 7Be(α, γ) reaction rate but in a smaller magni-
tude than the lower-lying resonances. A new negative-parity cluster band, similar to the one previously suggested
in the mirror nucleus 11B, is proposed.
PACS numbers: 25.55.-e, 24.30.-v, 21.60.Gx
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I. INTRODUCTION
The 7Be(α, γ)11C reaction is considered to play an
important role in the hot pp chain and related reaction
2sequences [1]. Several reaction sequences including
the 7Be(α, γ)11C reaction should take place in some
high-temperature environments. One of those sequences
is called pp-V,
7Be(α, γ)11C(β+ν)11B(p, 2α)4He.
Others are rap (II, III and IV) sequences,
7Be(α, γ)11C(p, γ)12N(p, γ)13O(β+ν)13N(p, γ)14O,
7Be(α, γ)11C(p, γ)12N(β+ν)12C(p, γ)13N(p, γ)14O,
and
7Be(α, γ)11C(α, p)14N(p, γ)15O,
which are reaction chains to synthesize CNO nuclei with-
out the triple-α process, effective at T9 > 0.2, where T9
is the temperature in GK. At T9 below 0.2,
7Be predom-
inantly makes an electron capture, almost independent
of the density. The 7Be(α, γ)11C reaction and these se-
quences possibly play important roles in the explosion of
supermassive objects with lower metalicity [2], novae [3]
and big-bang nucleosynthesis [4, 5]. The 7Be(α, γ)11C
reaction rate is greatly affected by the resonances. At
the lowest temperature, there is a large contribution to
the reaction rate by the subthreshold resonance at the
excitation energy Eex = 7.50 MeV. The two resonances
located at Eex = 8.11 MeV and Eex = 8.42 MeV deter-
mine the rate at higher temperature around T9 = 0.5–
1. Higher excited states may contribute to the reaction
rates at T9 > 1. A recent theoretical calculation [6] of
the νp-process in core-collapse supernovae [7] shows that
the 7Be(α, γ) reaction may contribute as much as the
triple-α process to the synthesis of elements heavier than
boron at the relevant temperature of T9 = 1.5–3. There-
fore, it is also important to study the resonances for such
a high temperature region, corresponding to Eex ∼ 8–10
MeV in the Gamow energy window.
The information on the excited states in 11C is still
limited. Resonance states above Eex = 9 MeV have
been studied via 10B(p, α) and other reactions such
as 12C(p, d)11C [8–17]. The resonances typically have
widths of the order of 100 keV, but their α-decay widths
Γα are not known with a good precision, and even the
spin and parity (Jpi) have not been clearly determined yet
for some of the states. The excited states at lower en-
ergies (Eex = 8–9 MeV) have narrower particle widths,
and Γα are only known for two resonances located at
Eex = 8.11 and 8.42 MeV. The
7Be(α, γ)11C reaction
cross section was directly measured only at the energies
of these two resonances [18].
Another interest for the 7Be+α system is its nuclear
cluster structure. The 3/2−3 state in
11C at Eex = 8.11
MeV is regarded as a dilute cluster state similar to the
one in 12C [19], where two α particles and 3He are weakly
interacting and spatially extended. Its exotic structure
is attracting much attention [20]. The cluster structure
in 11B, the mirror nucleus of 11C, was studied by mea-
suring its isoscalar monopole and quadrupole strengths
in the 11B(d, d′) reaction [21, 22]. As a result, they indi-
cated that the 8.56-MeV state in 11B, the mirror of the
8.11-MeV state in 11C, is considered to have a dilute clus-
ter structure. Besides this state, rotational bands in 11B
and 11C, which might be related to the α cluster struc-
ture, have been discussed [23, 24]. In our recent study
of 11B by 7Li+α resonant elastic scattering, we observed
strong α resonances, and we determined their Γα. A new
cluster band with negative parity was also suggested in
the highly excited states [25].
In the present study, we performed a measurement of
the 7Be+α resonant elastic scattering to study resonance
structure of 11C, complementary to the previous study
[25]. We also measured protons from 7Be(α, p)10B reac-
tions, which have been studied mostly by its inverse reac-
tion. The actual measurements were performed in inverse
kinematics, 4He(7Be, α) and 4He(7Be, p), but we denote
these as 7Be(α, α) and 7Be(α, p)10B for consistency. The
strengths of the resonances in the present study should
provide useful information on the α-cluster structure of
11C and on the astrophysical 7Be(α, γ) reaction rate. Re-
cently, a similar measurement independently planned at
other facilities was carried out and published by Freer et
al. [26]. We will present our new results and discuss the
differences of the two new measurements. An essential
difference is that we have measured γ-rays to obtain ex-
citation functions of 7Be(α, α1)
7Be∗ and 7Be(α, p1)
10B∗
reactions, which was not considered in [26].
II. METHOD
The measurement was performed at the low-energy
RI beam facility CRIB [27, 28], using the thick target
method in inverse kinematics [29] to obtain excitation
functions of elastic scattering and others for Eex = 8.7–
13.0 MeV in 11C. The experimental setup is almost iden-
tical to the one used in our 7Li+α measurement [25], ex-
cept that the beam was an RI beam produced at CRIB.
A pure and intense 7Be beam can be produced in-flight
at CRIB using a cryogenic gas target [30]. In the present
measurement, a 7Be beam was produced using a 2.3-
mg/cm2-thick hydrogen gas target and a 7Li beam at
5.0 MeV/u accelerated with an AVF cyclotron. Hav-
ing an 8.5-µm Havar foil as an energy degrader after the
beam-production target, a low-energy 7Be beam at 17.9
MeV was produced. The 7Be beam was separated and
purified by magnetic analysis and velocity selection with
a Wien filter. The purity of the 7Be beam was about
30% and almost 100% before and after the Wien filter,
respectively. The experimental setup after the Wien fil-
ter is shown in Fig. 1. The beam collimator was a 20 ×
20-mm2 rectangular aperture, accepting a large fraction
of the transported beam.
A Micro-Channel Plate (MCP) was used for the detec-
tion of the beam position and timing. A CsI-deposited
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FIG. 1. Experimental setup of the measurement of the 7Be+α
elastic scattering and others in inverse kinematics.
0.7-µm-thick aluminum foil was placed on the beam axis
for the secondary electron emission. The secondary elec-
trons were accelerated along the beam axis and reflected
by 90◦ at a biased thin-wire reflector and detected at the
MCP with a two-dimensional delay-line readout.
The gas target consisted of a 50-mm-diameter duct and
a subsequent small chamber. Helium gas at 815 Torr
was filled in the chamber and sealed with a 2.5-µm-thick
Havar foil as the beam entrance window. The 7Be beam
energy after the entrance window of the helium gas target
target was measured as (15.43±0.13)MeV. α particles re-
coiling to the forward angles were detected by the ∆E-E
detector. The detector, consisting of 20-µm- and 490-
µm-thick silicon detectors, was placed in the gas cham-
ber. The helium gas was sufficiently thick to stop the
7Be beam in it before reaching the ∆E-E detector. The
distance from the beam entrance window to the detector
was 250 mm. Each detector had an active area of 50 ×
50 mm, and 16 strips for one side, making pixels of 3 × 3
mm2. These detectors were calibrated with α sources, as
well as with proton and α beams at various energies pro-
duced during the run. Each detector had an energy res-
olution better than 1.5% in full width at half maximum
(FWHM) for 5-MeV α particles. The measurement using
the proton and α beams was also for the evaluation of the
dead-layer thickness between the two detectors. To mea-
sure 429-keV γ rays from inelastic scattering to the first
excited state of 7Be, Ten NaI(Tl) detectors were placed
around the duct and each NaI(Tl) crystal had a geom-
etry of 50 × 50 × 100 mm3. They covered 20–60% of
the total solid angle, depending on the reaction position
in the long target. The energy-dependent photopeak effi-
ciency of the NaI array was measured at various positions
in the gas target, using standard radioactive sources of
137Cs, 22Na and 60Co. The efficiency was determined as
15–30% for 429-keV γ rays. The energy resolution was
about 9% in FWHM against 662-keV γ rays.
Most of the particles measured at the ∆E-E detector
were α particles from the elastic scattering and protons
from the 7Be(α, p) reaction. Some are in coincidence with
γ rays, as shown later. The typical 7Be beam intensity
used in the measurement was 2 × 105 particles per sec-
ond at the secondary target, and the main measurement
using the helium-gas target was performed for 4 days,
injecting 2.9 ×1010 7Be particles into the gas target. We
performed another measurement using an argon-gas tar-
get of an equivalent thickness for 1 day to evaluate the
background α particles reaching to the the ∆E-E detec-
tor as a contamination in the secondary beam.
To obtain a correct cross section with the current thick-
gas target method, one needs a correct reaction position
which is determined by the geometrical information of the
target and detector, and energy loss of the beam and α
particles. A measurement with a parallel-plate avalanche
counter (PPAC) [31] in addition to the MCP was also
performed for a short time to check if the cross section is
consistent between two measurements with different re-
action positions for the same Ecm. In that measurement,
the 7Be beam energy after the entrance window was de-
graded to 12.2 MeV, due to the additional energy loss in
the PPAC. As a result, the reaction position is shifted by
6 cm at maximum to the upstream direction, which also
makes the solid angle smaller, as compared with the mea-
surement with the MCP alone. We confirmed the cross
sections finally obtained for both measurements were in
a good agreement, showing that there is no large error in
the determination of the reaction position.
III. DEDUCTION OF EXCITATION
FUNCTIONS
A. Particle identification
The particle identification performed with the ∆E-E
detector for the helium and argon target measurements
are shown separately as two-dimensional energy plots in
Fig. 2, where the total energy deposition of particles is
plotted against the energy deposition in the ∆E counter.
As illustrated, α particles and protons were clearly sep-
arated. In the background run with argon gas, we ob-
served non-negligible numbers of protons and α particles
as shown in Fig. 2 (b). They are considered as beam-like
particles produced at the production target as contami-
nants in the 7Be beam, and reached the silicon detectors
at the end of the beamline. Most of such particles should
have been eliminated at the Wien filter, but a very small
number comparable to the reaction products remained,
possibly by scattering in the inner wall of the beamline
or some other reason.
In Fig. 2 (a), one may notice the locus of the α parti-
cles is branched at the total energy about 6 MeV. This
branching is possibly attributed to the channeling effect
[32, 33] of the thin silicon detector. In the background
run, shown in Fig. 2 (b), only the left branch was promi-
nent, which implies the background α particles from up-
stream mainly comprise the left branch. We observed
events in the background run also at the right branch, but
the number was much smaller than the left branch. Such
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FIG. 2. (Color online) ∆E-E plot for the particle identification.
α particles had a strict limitation on the incoming angle
which was almost perpendicular to the surface of the sili-
con detector and thus the channeling effect could be most
prominent. On the other hand, α particles from real scat-
tering events had a broader range of angles and are less
susceptible to the channeling effect. Although there was
such a branching, we successfully evaluated the amount
of background events by the argon-target measurement,
to be subtracted from the data of the helium-target mea-
surement. Performing the argon-target measurement was
useful not only for the background evaluation, but also
for understanding the unexpected origin of branching in
the α particles.
B. Calculation of cross section
The energy of the 7Be beam at any position in the
gas target was obtained with a good center-of-mass en-
ergy Ecm resolution (70 keV or better), based on a direct
energy measurement at 7 different target pressures, com-
pared with an energy loss calculation using the SRIM
[34] code. Using this energy loss function, the energy
of recoiled α particle measured by the ∆E-E detector
was converted to Ecm, calculating kinematical relation-
ship for the elastic scattering. We selected events with
an α particle in coincidence with a 7Be beam particle
measured in a 20 × 20 mm2 square at the center of the
MCP. The scattering angle determined from the detec-
tion position of the ∆E-E detector was used in the kine-
matical calculation as a correction. The energy loss of
the recoiled α particle in the gas target was calculated
by SRIM and also considered in the calculation. The
differential cross section dσ/dΩ was calculated for each
small energy division using the solid angle of the detec-
tor, number of beam particles, and the effective target
thickness. The solid angle was calculated by the geomet-
rical information of the detector and the reaction position
in the target determined by the kinematical calculation.
The number of beam particles was obtained based on the
single counting of the beam particle by the MCP, simul-
taneously recorded in the measurement. Note that it is
very important to obtain a correct energy loss function
in the target, since the target thickness and the solid an-
gle, both directly reflected in the cross section, were also
calculated using the function.
In a similar procedure but selecting proton events and
using the kinematical relationship of the 7Be(α, p)10B re-
action, we obtained a spectrum containing 7Be(α, p)10B
reaction events.
Events of inelastic scattering 7Be(α, α1)
7Be∗ produc-
ing 7Be∗ at the first excited state were identified by mea-
suring 429-keV γ rays with the NaI array. We selected
triple-coincidence events in which a 7Be beam particle
was detected at the beam detector (MCP), an α or any
other particle at the silicon detectors and a γ-ray at the
NaI array. The γ-ray energy spectrum for those events is
shown in Fig. 3. The peak at 429 keV was clearly identi-
fied, and small peaks around 511 keV and 718 keV, which
should be from positron annihilations and excited 10B∗
produced via the 7Be(α, p1)
10B∗ reaction respectively,
were also observed. We performed a finer event discrimi-
nation by taking events in which an α particle was iden-
tified and the beam is hitting at the central part of the
MCP, an energy spectrum of γ-rays with a good signal-to-
noise ratio was obtained, as shown in the insert of Fig. 3.
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FIG. 3. Energy spectrum of γ rays for 7Be-α-γ triple-
coincidence events. The inserts show the same spectrum for
events with an α particle or p identified, after a beam position
selection.
The events with a 429-keV γ-ray were used to obtain the
excitation function of the inelastic scattering. A similar
event discrimination was successfully performed for pro-
tons as also shown in the insert of the figure, to select
events of the 7Be(α, p1)
10B∗ reaction. The photopeak
efficiency of the NaI array, measured at various position
in the gas target, was used for the calculation of the ab-
solute cross section. Finally, excitation functions of the
inelastic scattering and the 7Be(α, p1)
10B∗ reaction were
obtained.
C. Background Subtraction
The 7Be(α, α)7Be and 7Be(α, p)10B spectra obtained
by the above procedure still contain background α and
p contributions, the amount of which could be evaluated
by the argon-target measurement. The background con-
tribution to the differential cross sections were evaluated
as shown in Fig. 4.
The sharp peak at 3.7 MeV in the background α spec-
trum corresponds to α particles which had the magnetic
rigidity analyzed at the dipole magnets (D1 and D2) in
CRIB. The broader lower-energy component is possibly
from α particles which had the same origin, but were
scattered somewhere in the beamline. The heights of the
sharp peak for both target runs are in good agreement,
but the broad component was significantly higher in the
helium-target spectrum. This suggests the peak around
3-3.5 MeV observed in the helium-target spectrum is par-
tially due to the background α, but the rest is by real
scattering events. By subtracting the background contri-
bution and the contribution of inelastic scattering events,
we obtained an excitation function of elastic scattering.
There was no sharp peak in the background proton
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FIG. 4. Background subtraction for α (upper) and p (lower)
spectra. Total α and p spectra are the excitation functions of
7Be(α, α)7Be and 7Be(α, p)10B, but still containing back-
ground events. Shaded spectra show the contributions of
background α and p as beam contaminations. The spectra
of 7Be(α, α1)
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spectrum, but we performed a similar subtraction for the
broad background and obtained the 7Be(α, p)10B spec-
trum. The contribution from the 7Be(α, p1)
10B∗ reac-
tion was also considered. Finally we obtained excitation
functions for four different cross sections, 7Be(α, α0)
7Be,
7Be(α, α1)
7Be∗, 7Be(α, p0)
10B, and 7Be(α, p1)
10B∗. We
refer to these excitation functions as the α0, α1, p0, and
p1 spectra, respectively, in the following sections. The
excitation functions are shown in Fig. 5. The peak struc-
ture observed in the excitation functions should corre-
spond to the resonances in 11C. The fitted curves are by
an R-matrix analysis, which will be described later.
D. Energy and angular uncertainty
Uncertainty in Ecm and averaged center-of-mass scat-
tering angle θcm are plotted for the α0 and p0 spectra in
Fig. 6, and the curves for α1 and p1 spectra are quite
similar to those.
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FIG. 5. Excitation functions, referred to as α0, α1, p0, and p1 spectra. The best-fit curves by the R-matrix analysis are also
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For the α0 spectrum, the overall uncertainty in Ecm
was estimated as 70–130 keV, depending on the energy.
The uncertainty mainly originated from the energy strag-
gling of the 7Be beam and α particles (30–80 keV), the
energy resolution of the ∆E-E detector (20–55 keV), and
the angular uncertainty due to the finite size of the de-
tector (20–100 keV). The uncertainty is similar for the α1
spectrum, and slightly better for the p0 and p1 spectra.
The excitation functions in Fig. 5 are for certain an-
gular range covering θcm = 180
◦. The average θcm was
167◦ at Ecm = 3 MeV, but it depends on Ecm. The
dependence is because the ∆E-E detector and the long
helium gas target were closely arranged to obtain good
statistics, and we had to select events within a fixed area
of the detector in the analysis.
7IV. COMPARISON WITH PREVIOUS RESULTS
A. Comparison with previous inverse reaction
measurements
A direct comparison is possible for our p0 spec-
trum with the previous measurements of the inverse
10B(p, α)7Be reaction [11, 12, 15], although the mea-
sured scattering angles are not the same. The laboratory
cross sections of the previous measurements were con-
verted into the center-of-mass cross section, using the de-
tailed balance theorem. The left panel in Fig. 7(a) shows
the data in [12] with the laboratory angle θlab = 150
◦ and
the present measurement with an R-matrix calculation.
The present measurement had a corresponding average
angle in the inverse reaction of θlab = 164
◦ (at Ecm = 3
MeV). The right panel (b) shows the data in [11, 12, 15],
all with θlab = 90
◦, but the present measurement data
shown are the same as in (a). The curve for the present
work is by an R-matrix calculation performed with the
same resonant parameters as in (a), but with the angle
adjusted to these previous measurements.
Considering the large uncertainty of our measurement,
the overall features of the present spectrum are in agree-
ment with previous measurements, such that the two
peaks around 3 and 5 MeV are distinct. The absolute
cross section shows a disagreement to some extent, but
the previous measurements already had differences with
one another as in Fig. 7(b). The cross section by [11] or
[15] show a similar magnitude of the cross section with
ours, but the angle is at θlab = 90
◦. The cross section by
[12] at the same angle is lower than these two and our
data at θlab = 164
◦. The angular dependence may partly
explain the difference, as shown by the R-matrix curves
at two different angles. One can see the calculation at
θlab = 90
◦ is closer to the data by [12] at θlab = 90
◦.
The cross section of the present work at 3.5–4.5 MeV ap-
pears higher than any of previous data and the R-matrix
calculation. We did not introduce strong resonances in
this region to improve the fitting, since such resonances
were not observed in the previous measurements. This
discrepancy might be related to the background protons,
which were distributed around 3–4.5 MeV, as shown in
Fig. 4.
B. Comparison with the latest inverse kinematics
measurement
The measurement by Freer et al. [26] has been per-
formed with essentially the same method as the present
work. Here we compare the two results. The α0 and p0
spectra of both measurements are compared in Fig. 8.
The overall shapes of the two α0 spectra have a common
feature. There is a large double-peak structure around
Ecm = 5 MeV, and smaller peaks are located at an energy
1 MeV below, and at lower energies. However, two large
differences are seen; the absolute cross section is different
by a factor 2–3 for the higher energy part, and the peaks
are displaced in energy by about 500 keV. The cross sec-
tion in [26] was normalized using the low-energy mea-
surement data, and also by a Monte Carlo simulation,
which may produce a systematic uncertainty as much as
factor 2.5 at maximum, as they claim. On the other
hand, our cross section is based on single counting of
the beam particles and geometrical measurement. Fur-
thermore, the previous 7Li+α measurement [25] with the
same analysis method yielded a consistent cross section
with older normal kinematics measurements. Therefore,
an error in the cross section by a factor 2–3 is unlikely to
be produced in our measurement or analysis. In the thick
target method, the energy can be easily shifted if the en-
ergy loss functions of the 7Be beam or the α particle in
the target is not correct. In our both measurements, the
energy loss of the beam was directly measured over a
wide range of pressures. We used the SRIM code for the
energy loss of the α particle, and the higher edge of Ecm
from the measured data (5.5 MeV) was in good agree-
ment with the Ecm expected from the measured beam
energy at the beginning of the target. We do not expect
an error in Ecm much more than 100 keV at Ecm∼ 5
MeV. Another fact that may support the present work is
that our spectrum could be explained with the known en-
ergy level information, as shown later, but in [26] it was
necessary to introduce several new resonances to perform
an R-matrix fit.
The p0 spectrum in [26] was separated into two en-
ergy regions. The lowest energy part perfectly agree with
ours, but the data in [26] at higher energy again shows a
lower cross section. However, the discrepancy is not obvi-
ous, since the deviation is comparable to the uncertainty,
quite large in both measurements.
V. R-MATRIX ANALYSIS
Several resonance structures were observed in our α0
spectrum, namely, (A) Two small peaks at at 8.9–9.2
MeV, (B) a peak around 10 MeV, (C) a broad peak
at 10.5–11.0 MeV, considered to be a doublet, and (E)
a doublet structure at 12–13 MeV, as shown in Fig. 5.
Structures were also observed in the other three spectra,
and some are corresponding to the peaks in the α0 spec-
trum, and others are not, as (D) a small enhancement of
the cross section in the α1 spectrum at 11.4 MeV.
We performed an analysis using an R-matrix calcula-
tion code (SAMMY8 [35]) to deduce resonance parame-
ters. The decay widths of four channels, Γα0, Γα1, Γp0,
and Γp1, were considered in the R-matrix analysis. The
basic strategy was as follows. First Γα0 were roughly
determined by an R-matrix fit of the α0 spectrum, re-
producing the peak structure. Using the Γα0, we ana-
lyzed the p0 spectrum and found the best values for Γα0
and Γp0. Then, the α0 spectrum was analyzed again to
determine Γα0 more precisely. When Γα0 and Γp0 were
determined consistently by the two spectra, analysis was
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FIG. 7. (Color online) The p0 spectrum compared with previous measurements of the inverse
10B(p, α)7Be reaction by (J)
Jenkin et al. [12], (C) Cronin et al. [11], and (O) Overley et al. [15]. R-matrix calculations performed at θlab = 90
◦ and 164◦
are also shown. Note that the angles are in laboratory system of the 10B(p, α)7Be reaction.
performed for the α1 and p1 spectra, both of which had
low statistics and do not exhibit much structure. By re-
peating the above process until it converges, all the four
widths, Γα0, Γα1, Γp0, and Γp1, were determined. To
cope with many parameters in the fitting, we adopted res-
onant parameters by previous measurements [36] as much
as possible. The detailed discussions for each structure
we observed (A–E), including the Jpi determination, are
below. Another restriction we considered was that the
sum of the decay widths do not exceed the known to-
tal width Γtot too much. The calculation was performed
with channel radii Rc = 4.2 fm for the
7Be+α channel,
and Rc = 3.8 fm for the
10B+p channel. These channel
radii were deviated by 20% for the evaluation of the un-
certainties. The angle was fixed at θcm = 167
◦ for the α0
and α1 spectra, and θcm = 169
◦ for the p0 and p1.
The results are summarized in Table I. The Wigner
limit Γw = 2~
2/µR2Pl, where µ is the reduced mass and
Pl is the penetrability, was calculated for an α particle
with an interaction radius R = 4.2 fm and shown in the
table for comparison. Uncertainties could be reasonably
evaluated only for some Γα0, as shown in Table I, and
the other widths could have very large uncertainties.
A. Peaks at 8.9–9.2 MeV
In this energy region the excitation function was rather
flat in the α0 spectrum, but two small bumps were ob-
served. One of these may correspond to the known 5/2+
state at 9.20 MeV [37]. The other one is located around
8.90 MeV. A resonance at this energy is not known by
previous measurements and we regard this as a new reso-
nance. However, it can be the same resonance as the one
at 8.655 (7/2+) or 8.699 MeV (5/2+) [38], because the
energy uncertainty in this lowest energy region is quite
large.
The 9.20-MeV resonance was initially introduced by
Wiescher et al. [37] in their analysis of the 10B(p, γ)
reaction measurement. Although a large total width
of Γtot = 500 keV was incorporated in the analysis of
Ref. [37], our calculation with a large Γp0 resulted in di-
minishing the peak height, and a large Γα0 far exceeding
the Wigner limit becomes necessary. In the best fit, Γp0
was assumed to be 0.
For the 8.90-MeV bump, a resonance with lα = 3
gives a good fit, and Jpi=9/2+ was the best among them.
Other possible Jpi were 3/2+, 5/2+, and 7/2+. The res-
onance in this energy region may enhance the astrophys-
ical 7Be(α, γ) reaction rate, as shown later. However,
it is difficult to derive conclusive resonance parameters
with such small peaks broadened by the energy resolu-
tion, averaged for a broad range of angles. The current
R-matrix calculation could be deceptive at the edge of
our energy range. Therefore, it is desirable to perform
another study for the resonances in this energy region.
B. Peak around 10 MeV
The α0 spectrum exhibits a peak, which could be well
reproduced by a resonance around 10.0 MeV having a
large Γα0.
Four resonances at 9.65, 9.78, 9.97 and 10.083 MeV are
known in this region [36]. The 9.78-MeV and 10.083-MeV
resonances have been observed by many experiments.
The former was by the 10B(p, γ) [8, 39] and 10B(p, α)
reactions [8–14], and the latter was by the 10B(p, α) [8–
11, 14] and 10B(d, n) reactions [15]. However, the Jpi was
in controversy for the former state [9, 15], while firmly
determined as 7/2+ for the latter one.
The current Jpi assignments in this region were mostly
9TABLE I. Best-fit resonance parameters of 11B determined by the present work. The Eex and J
pi shown in italic letters were
fixed to those in [36, 38], and the others are proposed in the present work. See text for other possible Jpi assignments.
Eex J
pi lα0 Γα0 Γp0 Γα1 Γp1 Γtot [38] ΓWα
(MeV) (keV) (keV) (keV) (keV) (keV) (keV)
8.90 (9/2+) 3 8 6.4
9.20 5/2+ 3 13 500 21
9.65 (3/2−) 0 20 50 210 1310
9.78 (5/2−) 2 19 100 240 450
9.97 (7/2−) 2 153±55 35 30 120 580
10.083 7/2+ 3 25 230 230 90
10.679 9/2+ 3 58±36 110 200 230
11.03 (5/2−) 3 130±83 25 45 120 300 360
11.44 (3/2+) 1 80 30 150 360 2680
12.40 9/2+ 3 460±150 90 1000–2000 1100
12.65 (7/2+) 3 420±178 110 360 1270
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FIG. 8. The α0 and p0 spectra by the present work and [26]
(solid lines).
by Wiescher et al. [37]. They made tentative assign-
ments of Jpi for the three states at 9.65, 9.78 and 9.97
MeV as 3/2−, 5/2−, and 7/2−, respectively, by an analy-
sis of the 10B(p, γ) reaction measurement data. The 9.65
and 9.97 MeV states, which had not been known before,
were introduced to reproduce their excitation functions.
Later, a resonance near 9.97 MeV was also observed
by the 12C(p, d) reaction [40], but Jpi was not deter-
mined. No other observation of the 9.65-MeV resonance
is known. The 9.65-MeV (3/2−), 9.78-MeV (5/2−), and
10.083-MeV (7/2+) states have candidates of their mir-
rors at 10.26, 10.34, 10.60 MeV in 11B, while the 9.97-
MeV state has none.
We fully adopted the tentative Jpi assignments in [37].
The absence of this resonance in the present p0 spectrum
and previous 10B(α, p) measurements suggests this 9.97-
MeV resonance should have a much smaller Γp0 than
the neighboring 9.78-MeV and 10.083-MeV resonances.
There is a peak around 9.97 MeV also in the α1 spec-
trum, and we introduced Γα1 in the calculation to repro-
duce the peak.
C. Doublet at 10.5–11.0 MeV
A peak was observed in the p0 spectrum, as previously
observed by the inverse reaction [11, 12, 15]. There is a
peak in the α0 spectrum at the same Ecm, and the spec-
tral shape suggests that it may be forming a doublet with
another resonance at 11.0 MeV. For the higher compo-
nent in the doublet, a good fit was obtained by a lα = 2
resonance with Jpi = 5/2− or 7/2−.
A resonance at 11.03 MeV had been observed by
11B(3He, t) [41], 13C(p, t) [42], and others [38]. How-
ever, Jpi has not been determined, and only assumed as
a state with an isospin T = 1/2.
In the p1 spectrum, a resonance was observed around
11.03 MeV as the only peak structure in the spectrum.
This resonant shape could be reproduced by introducing
a resonance with Jpi =(3/2−, 5/2−, 7/2−), but the peak
10
height was significantly lower, when Jpi was assumed to
be 3/2−. There is a small peak-like structure also in the
α1 spectrum. The peak is consistent with a calculation
introducing a Jpi = 5/2− resonance, although the agree-
ment in the peak height is not obvious due to the large
uncertainty. In a calculation with Jpi = 7/2−, lα1 = 4
was required for the 7Be+α1 channel, and a good fit was
not obtained. Here we adopt Jpi=5/2− as the best as-
signment, but Jpi = 7/2− might be also possible, if we
ignore the α1 spectrum which has quite low statistics.
D. Structure at 11.4 MeV
A small enhancement of the cross section was iden-
tified at 11.4 MeV in the α1 spectrum. A resonance
at 11.44 MeV was observed by Jenkin et al. [12] by
the 10B(p, α1)
7Be∗ reaction only at forward scatter-
ing angles, but the resonance was not clearly seen by
the 10B(p, α0)
7Be reaction. Their cross section of the
10B(p, α1)
7Be∗ reaction was simply decreasing as θlab in-
creases. The implication of this angular dependence was
not discussed in detail. An R-matrix calculation with a
single resonance cannot reproduce such an angular de-
pendence asymmetric with regard to θcm = 90
◦. How-
ever, a resonance with a spin J=3/2–7/2 can have a fea-
ture that the cross section decreases at backward angles
toward θcm = 180
◦.
In the present p0 spectrum, we did not clearly observe
the resonance either. This suggests the resonance should
have a relatively large Γα1. Considering the absence of
a sharp peak in the α0 and p0 spectrum and the best
R-matrix fitting for the α1 spectrum, we tentatively as-
signed Jpi as 3/2+, but Jpi = 3/2−, 5/2±, and 7/2± might
be possible. Note that this resonance in the α0 spectrum
is closely located to the sharp peak in the background
contribution as shown in Fig. 4, and a small structure
could be lost.
E. Doublet at 12–13 MeV
In this energy region, we observed a double-peak struc-
ture in the α0 spectrum with a large cross section.
Ignoring isospin T = 3/2 states, resonances at 12.4
and 12.65 MeV have been known previously. In a pre-
vious 10B(p, α)7Be reaction measurement [12], a broad
resonance having a large width of 400 keV was observed.
Assuming a single level at 12.65 MeV, they tentatively
determined Jpi as 7/2+. The 12.4-MeV resonance was
observed by the 10B(p, γ) reaction [43], and by the
12C(3He, α) reaction. In [43], the width was determined
as 1–2 MeV and it was discussed as a part of a giant
resonance.
In the present work, the observed double-peak struc-
ture was fitted by the 7/2+ resonance at 12.65 MeV, and
another resonance at 12.4 MeV. The best fit was made
with Jpi = 9/2+ for the 12.4-MeV resonance. The fit was
unsatisfactory by any other Jpi, although it was consid-
ered as a negative parity state in [43]. Freer et al. [26]
also explained this structure as a doublet consisting of
9/2+ and 7/2+ resonances, although the doublet is dis-
placed in energy by several 100 keV, and the ordering is
reversed. The broad peak we observed in the p0 spec-
trum at the same energy was also fitted by the doublet
of the same two states.
VI. DISCUSSION
A. Alpha-cluster bands
The strong resonances we have observed in the α0 spec-
trum have large Γα0, which are reflecting their property
of α-cluster structure. Fig. 9 shows resonant states in
11B and 11C observed in the present work and our pre-
vious work [25]. We can identify several pairs of mir-
ror states, as indicated in the figure. The difference in
Eex is about 500 keV for the lower pairs of states and
smaller for the highest two. Such energy difference be-
tween mirror states was discussed in [26] in relation with
the phase transition from shell-model states to cluster
states [44, 45].
Rotational bands in 11B and 11C, which might be re-
lated to the cluster structure, had been discussed in
[23, 24]. In our previous work [25], we have indicated that
the 12.63 MeV resonance in 11B may have Jpi = 9/2+,
as initially mentioned in [24]. We also proposed a new
negative-parity band, of which the head is the 8.56-MeV
(Jpi = 3/2−) state. According to a recent calculation
based on antisymmetrized molecular dynamics (AMD)
method [46], this can be interpreted as a negative-parity
band having a large B(E2) of 20–30 e2fm4, and the mem-
bers should have a 2α-t cluster structure. The energy of
the band head appeared as lower than the line expected
from the other members, in both the experiment and
theory. In [46], the lowering in the level energy was at-
tributed to the relatively weak interactions between 2α-
t in the 8.56-MeV state, making a deviation from the
higher states which have a more rigid structure.
A similar discussion can be applied to 11C. Two
positive-parity rotational bands, K = 3/2+ and 5/2+,
were suggested in [24]. We observed a strong resonance
with Jpi = 9/2+ at 12.4 MeV in 11C, and it can be
the missing member of the K = 3/2+ rotational band.
We propose a new negative-parity band also in 11C, as
shown in Fig. 10. The members of the band could have
a 2α-3He cluster structure. The head is the 8.10-MeV
(Jpi = 3/2−) state, the mirror of the 8.56-MeV state
in 11B. The second member is the 9.78-MeV state, as-
signed as Jpi = 5/2− previously. The third member can
be the state at 11.03 MeV. Our assignment was either
Jpi = 5/2− or 7/2−, and the latter assignment agrees
with the systematics of this negative band. The system-
atics predicts there can be a Jpi = 9/2− state around 13
MeV. A candidate is the 12.65-MeV state. In the present
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FIG. 9. Resonant states observed in the present work and
our previous work [25]. Eex in MeV and J
pi in our works
are shown for each state, and the states with an Eex in bold
letters were observed as significant resonant peaks. The states
with dashed lines were not observed in our measurements, but
taken from [38].
work, this state was regarded to form a doublet together
with the 12.4-MeV state. A similar doublet was observed
in the mirror nucleus [25], and the higher state was con-
sidered to have Jpi = 9/2− (see Fig. 9). If the tenta-
tive assignment of Jpi = 7/2+ was wrong, the 12.65-MeV
state may have Jpi = 9/2−, as in the mirror nucleus. An-
other candidate is the resonance at 13.4 MeV [38], which
is known to have a certain α width, but its Jpi has not
been determined. In Fig. 10, these states are shown as
circles and connected as dotted lines under the assump-
tion that they have Jpi = 9/2−. The energy of the band
head (8.10 MeV) appears as lower than the systemat-
ics expected from the higher state. This lowering is in
agreement with the mirror state [25, 46].
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FIG. 10. Two positive-parity rotational bands in 11C sug-
gested in [24], and a newly proposed negative-parity band.
A problem is that the Γα0 of the 9.78-MeV (5/2
−)
resonance is not large, while the neighboring 9.97-MeV
resonance with Jpi = 7/2− has a larger Γα0, being more
likely to be an α-cluster state. The previous studies in the
mirror nucleus [25, 38] show there is no such correspond-
ing state with Jpi = 7/2− in 11B, as shown in Fig. 9. In
this respect, the current identification of the resonances
and the Jpi assignments for Eex = 9.5–10 MeV can be
questioned.
B. Astrophysical reaction rate of 7Be(α, γ)
The resonances observed in the present work might
contribute to the astrophysical 7Be(α, γ)11C reaction
rate at high temperature, T9 > 1.5. Here we calculate
the resonant reaction rate and compare it with the total
reaction rate evaluated in NACRE [47, 48]. In the evalu-
ation in NACRE, only 2 resonances at 8.1045 and 8.420
MeV are included. These two resonances dominate the
reaction rate NA〈σv〉 up to the temperature T9 ∼ 3, and
a Hauser-Feshbach calculation rate was included for the
higher temperature.
The resonant reaction rates were calculated for three
resonances using analytical formula described in [47], and
plotted in Fig. 11. The total reaction rate evaluated by
NACRE and its recently updated rate (NACRE-II) [48]
are also shown for comparison. Table II shows the pa-
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FIG. 11. Resonant reaction rate of 7Be(α, γ) for the 8.90,
9.20, and 9.97-MeV resonances, calculated by the analytical
formula (see text and Table II for the labels). The evalua-
tion by NACRE and NACRE-II are shown for comparison.
The contribution by the 8.420-MeV resonance, included in
NACRE, is also shown.
rameters we used in the calculation. The Γγ and the
decay scheme are experimentally unknown for this en-
ergy range. Therefore, we evaluated Γγ by a calculation
based on the Weisskopf unit with a spectroscopic fac-
tor of 0.1, which roughly reproduces the experimentally
known Γγ of the 8.1045 and 8.420-MeV resonances. Note
that such a spectroscopic factor was not explicitly used
in the plot of our previous publication [25]. The labels
(a)–(d) in Fig. 11 correspond to the ones in Table II.
(a) is for our newly identified resonance at 8.90 MeV.
Jpi was taken to be 9/2+ from our best fit. Since the
Jpi assignment may not be correct, we also evaluated the
contribution for the same resonance, but when the reso-
nance had a lower spin of 3/2, shown as (b). Basically
(b) contributes to the reaction rate more, but its tail con-
tribution is smaller than (a). For T9 = 2–3, where the
8.420-MeV resonance dominates the reaction rate, the
contribution of the 8.90-MeV was evaluated as around
10% of the total reaction rate. (c) is for the 9.20-MeV
resonance, where we also found a small peak in the α0
spectrum. We used Jpi = 5/2+ and Γtot=500 keV from
previous measurements, although such a large Γtot was
inconsistent with our R-matrix analysis. (d) is for the
9.97-MeV resonance, which was identified as a strong al-
pha resonance in the α0 spectrum. The tentative assign-
ment of Jpi = 7/2− [37] was used for the evaluation, and
a smaller contribution was obtained, as shown in Fig. 11.
We also evaluated contributions for higher resonances,
but none of them had an effect as much as or larger than
the case (d).
In summary, the resonances at 8.90 MeV and 9.20 MeV
have a possibility to give significant contributions to the
reaction rate for T9 = 1.5–3, although they are unlikely
to be more than the contribution of the 8.420-MeV res-
onance, which dominates the reaction rate. Considering
that the Γγ used here could be underestimated by fac-
tors and the decay widths and Jpi are also uncertain,
more studies are favored for the determination of reso-
nant parameters in the energy region of Eex = 8.5–9.5
MeV, which might be difficult to access from the 10B+p
channel. On the other hand, the resonances above 9.5
MeV can be considered as negligible for T9 < 10.
VII. SUMMARY
We have studied resonant states for Eex = 8.7–13.0
MeV in 11C via α-resonant elastic scattering with the
thick-target method in inverse kinematics, using a low-
energy 7Be beam at CRIB.
We obtained excitation functions of 7Be(α, α0)
7Be,
7Be(α, α1)
7Be∗, 7Be(α, p0)
10B, and 7Be(α, p1)
10B∗ si-
multaneously, measuring γ-rays in coincidence with α
particle or p. The excitation function of the elastic scat-
tering exhibited strong α resonances mostly in agreement
with previous measurements, and we brought new infor-
mation on the resonance parameters with an R-matrix
analysis. The 7Be(α, p0)
10B excitation function was
consistent with the previous measurement of the inverse
reaction, 10B(p, α)7Be. The excitation functions were
compared with the ones by a similar measurement per-
formed recently [26], and we found differences in the abso-
lute cross section and the energy, although their spectral
shapes had a similarity.
A new negative parity band, which could have 2α-3He
cluster structure, is proposed in 11C, in accordance with
the previously proposed band in the mirror nucleus 11B.
The resonant contribution for the astrophysical reaction
rate of 7Be(α, γ)11C was evaluated at high temperature
using the new resonance parameters, and a 10%-order
enhancement over the evaluation by NACRE could be
expected for T9 = 1.5–3.
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TABLE II. Parameters used in the reaction rate calculation. The dominant destination states of the γ decay according to our
calculation are also shown.
Eex J
pi Γtot (keV) Γα (keV) Γγ (eV) ω ωγ (eV) dominant dest.
(a) 8.90 9/2+ 8 8 0.48 2.5 1.2 8.655 MeV (7/2+)
(b) 8.90 3/2+ 8 8 1.7 1.0 1.7 ground (3/2−)
(c) 9.20 5/2+ 500 13 34 1.5 1.3 ground (3/2−)
(d) 9.97 7/2− 218 153 0.97 2.0 1.4 6.90 MeV (5/2+)
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